We show herein that Pt-modified carbon-titanium dioxide cathode nanocomposite matrices (designated hereafter as Pt/C-TiO 2 ), prepared by heterogeneous photocatalysis, afford facile electrocatalytic reduction of carbon dioxide to methanol and isopropanol. Pyridinium cation was used as a solution co-catalyst in this study. The electrocatalytic activity of the new-generation Pt/C-TiO 2 cathodes was quantitatively mapped by the combined use of rotating disk electrode voltammetry along with gas chromatography assay of the reduction products in solution. © 2011 The Electrochemical Society. [DOI: 10.1149/2.008201esl] All rights reserved.
In this communication, we show that a nanocomposite cathode material derived from a Pt-modified carbon black-titanium dioxide (TiO 2 ) matrix (hereafter abbreviated as Pt/C-TiO 2 ), 1, 2 outperforms a "massive" Pt cathode of comparable geometric area for the electrocatalytic reduction of CO 2 . This new-generation cathode material was prepared by heterogeneous photocatalysis as described in our companion studies.
1, 2 Electrocatalytic reduction of CO 2 to useful fuels and small organic molecules could help lead to a carbon-neutral fuel cycle, and represents a value-added approach to the environmental remediation of this greenhouse gas. 3 A variety of electrode materials has been deployed for this purpose including a variety of metal candidates. [4] [5] [6] [7] However, as demonstrated below, a matrix that: (a) facilitates an effective dispersion of the electrocatalyst nanoclusters, (b) is percolated with a conductive carbon network to afford facile electron transport, and (c) has high surface area is ideally suited to support cascaded electron transfer beyond the 2e − stage of an inert molecule such as CO 2 . Electroreduction deeper than the 2e − stage (to CO) would be required for any practical application, both on energetic grounds, and for avoiding problems associated with catalyst poisoning. As shown below, the use of a solution pyridium co-catalyst 3 combined with the Pt/C-TiO 2 nanocomposite cathode provides a robust system for aqueous multi-electron, multi-proton reduction of CO 2 to methanol and isopropanol.
Experimental
The photocatalytic route for modifying a C-TiO 2 support with Pt (or another target metal or bimetallic Pt-Pd electrocatalyst) hinges on the fact that TiO 2 is a semiconductor and thus is capable of absorbing light of wavelengths equal to or greater than those corresponding to its energy band gap, E g . 1, 2 This in situ catalyst photodeposition strategy first consisted of ultrasonically dispersing: (i) a suitable carbon black; (ii) the metal oxide (in desired proportions); (iii) the catalyst precursor salt (e.g., H 2 PtCl 6 , PdCl 2 ); (iv) an electron donor or hole scavenger (e.g., formate); and (v) a surfactant (as needed). This dispersion was introduced into a custom-built photochemical reactor 8 equipped with a medium pressure Hg arc lamp as a UV irradiation source. A crucial aspect of this synthetic approach is that photoinduced electron transfer from the TiO 2 phase to the carbon support results in the uniform deposition of the metal catalyst throughout the composite as a whole rather than being localized on the titania surface. 1, 2 Commercial carbon blacks (from Sid Richardson Carbon Co., Fort Worth; see Ref. 1 for carbon black details) were used in the photocatalytic preparation of the Pt/C-TiO 2 nanocomposite cathode. The carbon black and TiO 2 (Degussa P-25) were mixed in a preselected * Electrochemical Society Active Member.
* * Electrochemical Society Fellow. z E-mail: ntacconi@uta.edu; rajeshwar@uta.edu ratio (95:5 or 90:10%) and dispersed in deionized (DI) water (Corning Megapure) with the aid of an ultrasonic bath. The dispersion was then transferred to a 500 mL volumetric flask where 13.5 mL HCOOH (96%) and the required amount of metal salt precursor were added and then the total volume adjusted to 500 mL. The resultant slurry was transferred to the photoreactor and deoxygenated by N 2 bubbling. The solution was irradiated for 30 min with a UV light source (450 W Model 66355 Xe arc lamp with f/1.0 condenser optics and power supply from Newport-Oriel) that was placed in the central annular compartment of the photoreactor. As described elsewhere, 1, 2 this results in noble metal photodeposition on the C-TiO 2 composite support in a highly dispersed manner. The radiant output of the lamp was 192 mW/cm 2 corresponding to a photon flux of 4.2 × 10 17 photons/s.cm 2 over the wavelength range: 250-700 nm. After completing the noble metal photodeposition, the resultant nanocomposite powder was filtered, washed with deionized water, and dried overnight at 70
• C. For preparation of Pt-Pd/C-TiO 2 , an essentially similar procedure was used except for addition of the Pd precursor salt to the photocatalytic deposition medium. The two metals (Pt and Pd) were photodeposited sequentially with the total loading of the noble metal in the nanocomposite being maintained the same in both cases. Other details may be found in Refs. 1 and 2.
Rotating disk electrode (RDE) voltammetry was performed in a glass electrochemical cell at room temperature. The Pt/C-TiO 2 (or Pt-Pd C-TiO 2 ) nanocomposites were immobilized in the form of thin films on the glassy carbon RDE surface. Coating was performed following a procedure described elsewhere.
1, 2 Briefly, it consists of depositing 20 μL electrocatalyst ink (made up of 1 g of the nanocomposite powder + 10 μL of 5% Nafion solution in water-isopropanol 20:80) on the RDE (geometrical area = 0.196 cm 2 ). The ink on top of the RDE was allowed to dry in N 2 atmosphere and the thickness of the resulting coated film, calculated through the Nafion density, was in the 0.05-0.08 μm range.
Hydrodynamic voltammetry measurements were performed at preselected rotation speeds over the range from 100 to 1500 rpm using instrumentation described elsewhere.
1, 2 The current/potential profiles at different rotation speeds were recorded in a 0.2 M NaF (pH 5.2) solution containing 10 mM pyridine and saturated with CO 2 . A potential scan rate of 10 mV s −1 and a potential range from −0.2 V to −1.0 V were used. Blank runs with the same solution but saturated with N 2 instead of CO 2 were also performed. A platinum coil, placed in a separate compartment, served as the counterelectrode and a saturated Ag/AgCl/KCl electrode was used as the reference. All potentials below are quoted with respect to this reference electrode.
For analyzing the CO 2 electroreduction products, galvanostatic polarization experiments were conducted in a two-compartment glass electrochemical cell to separate the anode and cathode reactions. The nanocomposite powder was immobilized as a thin film on extruded graphite electrode surfaces using the procedure described above. The electrocatalyst loading on the graphite electrode (geometrical area 20.20 cm 2 ) was controlled at 0.25 mg/cm 2 . The film electrode was then galvanostatically tested by imposing a cathodic current density 0.02 mA/cm 2 in 0.5 M KCl as supporting electrolyte and 10 mM of pyridine. The pH of solution was 4.5-4.8 (adjusted with 1M H 2 SO 4 ). Before and during all electrolyses, CO 2 was continuously bubbled through the electrolyte to deoxygenate it. The galvanostatic run was repeated using a Pt foil cathode (geometrical area 20.0 cm 2 , 100 μm thickness) with identical conditions and procedures used in the nanocomposite cathode case.
The electrolysis products were analyzed on a gas chromatograph (Model SRI 8610C equipped with a 1 m HayeSep DB column and an FID detector, Restek Chromatography Products). Typical GC conditions used N 2 as the carrier gas at a flow rate of 20 mL/min. The injection port was at 200
• C and the column kept at constant temperature of 120
• C. After removal of the supporting electrolyte salt with Amberlite IRN-150 ion-exchange resin, sample aliquots from the galvanostatic runs were subjected to GC assays. Methanol and isopropanol were identified by co-injection with authentic samples and quantified by peak area integration using calibrations.
All other instrumentation details have been given elsewhere.
1, 2
Results and Discussion Figure 1 contains representative high-resolution transmission electron micrographs of Pt/C-TiO 2 (Fig. 1a) and Pt-Pd/C-TiO 2 (Fig. 1b) nanocomposite powders. In both images, the dark spots are the metallic nanoclusters that are seen highly dispersed on the carbon-oxide support (showing corrugated appearance). Metal cluster sizes are seen to be in the range 3-5 nm with slighter larger sizes and elongated shapes in the case of the Pd-Pt nanocomposite (Fig. 1b) . It is worth noting that a neat TiO 2 surface (i.e., without carbon black in electronic contact) affords Pt nanoparticles by photocatalytic deposition, that are significantly larger than those obtained with the C-TiO 2 support. 1 Consistent with the essentially similar nanocomposite morphology in both cases, cathodes derived from either Pt/C-TiO 2 or Pt-Pd/C-TiO 2 exhibited comparable electrocatalytic activity for CO 2 reduction such that further distinction is not made between the two materials in the data trends to be presented next.
Cyclic voltammetry (data not shown) of 0.2 M NaF solutions (pH: 5.3) containing 50 mM pyridinium cation (PyH + ) reveals the onset of the 1e − reduction of the cation to the neutral pyridinium radical at ca −0.5 V on both Pt or Pd surfaces. Remarkably, an unmodified glassy carbon surface is completely inactive toward electroreduction of the pyridinium cation. Figure 2 compares hydrodynamic voltammograms (at 1200 rpm rotation speed) for a Pt/C-TiO 2 RDE and a comparably-sized Pt RDE in 10 mM pyridine-loaded NaF supporting electrolyte saturated with either N 2 or CO 2 . The Pt/C-TiO 2 nanocomposite contained 10 μg Pt dispersed on 0.196 cm 2 of the glassy carbon RDE surface whereas the comparably-sized Pt RDE translated to a Pt content of ca. 3-4 mg depending on the metal thickness.
As seen in Fig. 2 , addition of CO 2 leads to enhancement of cathodic current for both cathode materials, attesting to the catalytic role played by both Pt and the pyridine co-catalyst toward CO 2 reduction. This co-catalyst has been reported to operate via an EC'-type mechanism as shown by digital simulations. 3 This group has also reported the pyridium-catalyzed electrochemical reduction of CO 2 to methanol on hydrogenated palladium electrodes. 9 More germane to the focus of this study, however, is the drastic (ca. 30% enhancement in cathodic current flow for the Pt/C-TiO 2 nanocomposite relative to the massive Pt electrode case. This occurs in spite of the fact that the loading of Pt in the Pt/C-TiO 2 electrode is approximately a million-fold less than that corresponding to a Pt RDE. Thus the mass activity of Pt/C-TiO 2 as expressed by the current density normalized by the mass of platinum at −0.55 V are 46.4 and 76.6 mA.mg −1 in N 2 and CO 2 respectively, whereas for the Pt disk (assuming ∼1 g of metal content) the corresponding values are 1.44 × 10 −4 and 2.51 × 10 −4 mA.mg −1 respectively. Significantly enough, close examination of the hydrodynamic voltammogram in the plateau region in Fig. 2 for the Pt/C-TiO 2 case in the presence of CO 2 , shows noise that is consistent with the visual observation of gas bubbles (presumably CO, the initial electroreduction product) on the electrode surface. Comparable data trends were seen in the Pt-Pd/CTiO 2 bimetallic case although Pt outperformed Pd alone in this regard (data not shown).
The hydrodynamic voltammetry trends, shown in Fig. 2 , were further elaborated for Pt/C-TiO 2 using variable rotation rates with the corresponding data presented in Fig. 3 respectively. Once again, the cathodic current enhancement is seen at all rotation speeds and noise in the plateau region is unmistakable when CO 2 is present in the electrolyte (compare Figs. 3a and 3b) . The increase in current flow observed at potentials more negative than −0.9 V in Figs. 2 and 3 is associated with proton reduction (and hydrogen evolution). This process is not germane to this study and was not considered further. Figure 4 contains Levich plots 10 (constructed from the hydrodynamic voltammetry data in Fig. 3 ) of the limiting current density, j L vs the square root of the electrode rotation speed for the Pt/C-TiO 2 nanocomposite cathode in N 2 and CO 2 saturated solutions:
In Eqn. 1, n is the number of electrons transferred, F is the Faraday's constant, D is the diffusion coefficient of the electroactive species (PyH + ), υ is the kinematic viscosity of the electrolyte (∼0.01 cm 2 s −1 ) 10 , C is the PyH + concentration (mol/cm 3 ) at the respective solution pH and ω is the electrode rotation rate in radians −5 mol cm −3 respectively.
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As seen in Eqn. 1, a plot of j L vs. ω 1/2 (Levich plot) should be linear for diffusion-controlled electrochemical processes. Both sets of data in Fig. 4 show good linearity; the slopes of the two Levich plots in Fig. 4 afford values for the electron stoichiometry (n) which are very close to 1.0 and 1.8 in N 2 and CO 2 saturated solutions respectively. Clearly, the pyridinium-catalyzed CO 2 reduction is sustained by the initial diffusion-controlled one-electron reduction of PyH + to PyH
• radical on Pt/C-TiO 2 . Importantly, the nanocomposite electrocatalyst layer is thin enough (0.05-0.08 μm range) to not contribute to film diffusion-limited behavior. 1, 12 Further studies aimed at mechanistic understanding of the significance of these variant slopes are in progress.
The good stability of the nanocomposite electrodes were confirmed by recording the electrode potential during a 50-h galvanostatic electrolyses. Only a minor and gradual potential drift (from −0.50 V to −0.58 V) was observed thus attesting to the good stability of the nanocomposite material. It is worth underlining that as these galvanostatic electrolyses were performed at low current density, the electrode potential remained near the bottom of the hydrodynamic current-potential regime (see Figures 2 and 3) thus involving mainly the reduction of pyridine without much interference from H 2 formation at the nanocomposite surface. As the solution was purposely not buffered to avoid interference in alcohol detection, this small potential drift is likely manifesting a progressive increase of pH as a function of time due to consumption of protons associated with product generation.
GC analyses of the electrolysis solution revealed the formation of both methanol and isopropanol as solution products at the Pt/C-TiO 2 nanocomposite cathode (Fig. 5a ). As shown in Fig. 5a , at short reaction times (t < 1 h), methanol is the major product with lesser amounts of isopropanol. Subsequently, the amount of methanol drops precipitously whereas the isopropanol content increases regularly. This drop in methanol content could arise from volatilization and entrainment of methanol in the CO 2 stream (due to constant CO 2 bubbling). This would be less of an issue with isopropanol due to its higher vapor pressure, and as seen in Fig. 5a , the concentration of isopropanol increases regularly up to 40 h after which production is flat throughout the electrolysis. Only methanol was seen as the CO 2 electroreduction product in the Pt foil case (Fig. 5b) . Importantly, no CO was seen in the final reduction products in either case in Figs. 5a and 5b. This is especially significant in that metals such as Pt or Pd are known to selectively produce CO on electroreduction of CO 2 ; 4 clearly, the nanocomposite matrix facilitates deeper reduction (to alcohols) beyond the 2e − CO stage. The mechanistic factors underlying this trend will be further probed in follow-on work that is planned.
Finally, we note that the production of alcohol per unit mass of Pt for the nanocomposite matrix case (Fig. 5a ) is three orders of magnitude larger than the Pt foil case (Fig. 5b) . This represents substantial reduction in Pt and is an important practical advance toward improving the economics of electrochemical reduction of CO 2 to liquid fuels.
Conclusions
This study has shown for the first time that nanocomposite cathode matrices derived from either Pt/C-TiO 2 or Pt-Pd/C-TiO 2 are effective electrocatalysts for aqueous CO 2 reduction in the presence of a solution co-catalyst such as the pyrdinium cation. In a broader paradigm sense, the present findings (along with Ref. 7 ) also serve to demonstrate that fuel cell cathode matrices may be good candidates to drive multi-electron, multi-proton reduction reactions such as CO 2 reduction. It is worth noting in this regard that matrices such as carbon black have good adsorption affinity for CO 2 13 pointing to synergistic factors such as the site-proximity effect 14 being operative for nanocomposite matrices such as the ones developed in this study. It is also recalled that Pt/C-TiO 2 nanocomposite cathodes have been previously deployed for oxygen reduction in a proton electrolyte membrane fuel cell (PEM FC) environment. 1, 2, 15 Their application here, under nominally less corrosive conditions (no reactive oxygen species), may offer a nanocomposite cathode material of enhanced stability toward carbon corrosion and Pt agglomeration.
